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Abstract 

Doping of the graphene lattice with transition metal atoms resulting in high magnetic 

anisotropy energy (MAE) is an important goal of materials research owing to its potential 

application in spintronics. In this article, by using spin-polarized density functional theory 

including spin-orbit coupling, we examined magnetic properties of graphene with vacancy 

defects, both bare and nitrogen-decorated, and doped by Cr, Mn and Fe transition metal single 

atom (TM-SA) and two different TM atoms simultaneously. Adsorption of a second TM atom 

on an already embedded TM atom, i.e., the formation of upright TM dimers, was also 

considered. It is found that the graphene-mediated coupling between TM dopants can 

significantly increase MAE compared to that of SA impurities. While the MAE of TM-SA did 

not exceed 2 meV, it was enhanced to –23 meV for Cr and Fe simultaneously embedded into 

two separated double-vacancy (DV) defects and to a remarkably high value of 119.7 meV for 

two upright Fe–Mn dimers bound to two separate DVs, considerably exceeding the sum for 

individual TM-SAs. The latter MAE corresponds to a blocking temperature of 34 K assuming 

a relaxation time of 10 years. The origin of the enhanced MAE is discussed in relation to the 

spin excitations at the Fermi level and changes in d-derived states accompanying the rotation 

of the magnetization between in-plane and out-of-plane direction. We demonstrate that the 
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presence of partially occupied degenerate states at the Fermi level favors its formation. The 

stability of the systems is also discussed. The computational findings are supplemented by an 

atomic-resolution characterization of an incidental Mn impurity bonded to four carbon atoms, 

whose localized spin matches expectations as measured using core-level electron energy-loss 

spectroscopy. Conducting TM-doped graphene with robust magnetic features offers prospects 

for the design of graphene-based spintronic devices. 

Keywords: doped graphene, defective graphene, magnetism, magnetic anisotropy energy, 

blocking temperature  

Introduction 

Since the isolation of graphene in 2004 1, a great deal of research effort has been devoted to 

endowing it with robust magnetic features that are lacking in its pristine form in order to 

enhance its potential in spintronic applications 2 ranging from quantum computing 3 to storing 

data in magnets the size of single atoms 4. One of the great challenges in this field is preventing 

thermally induced reorientation of the magnetic moments between the easy and hard 

magnetization axis or, in other words, increasing the blocking temperatures (Tb), which is 

enforced by MAE, i.e., the energy barrier for magnetic moments to flip their directions. A high 

MAE necessitates large spin and orbital magnetic moments per atom and a large spin-orbit 

coupling (SOC). Further, magnetic anisotropy is highly dependent on symmetry, 

dimensionality and atomic composition and is often found to be much larger in low-symmetry 

nanostructures than in highly symmetric bulk materials 5–8. Surface-supported nanoparticles 

offer additional degrees of freedom to tune the MAE by the particle shape and size - down to 

single atoms and coupling with the substrate 9–11. 

To this end, transition metal (TM) atoms and their nanoclusters adsorbed onto graphene have 

been extensively studied 7,12,13. While they can be mobile over structurally perfect regions of 

the graphene sheet, lattice imperfections create spots that can firmly anchor TM atoms or 

clusters, preventing their diffusion and conserving their size, symmetry and, accordingly, the 

desired properties 12,14–16. 
As revealed by density functional theory calculations (DFT), Fe clusters can promote vacancy 

formation, i.e., it becomes easier to remove C atoms from the graphene lattice in the presence 

of Fe  17. A high diffusion barrier of 6.8 eV has been calculated for a Fe atom in a single vacancy 

(SV) defect in the graphene lattice using Perdew-Burke-Ernzerhof (PBE) functional, sufficient 

to prevent the migration of Fe at room temperature 18. The strong adsorption of Fe in vacancy 
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defects in graphene was found to give rise to a large anisotropy in geometries and MAE, which, 

however, did not exceed 1 meV 17. Whereas theory predicted ferromagnetic (FM) alignment 

for four Fe atoms substituting C atoms in a 6×6 supercell of graphene that initially contains 72 

C atoms (corresponding to 5.55 at. % dopant concentration) 19, a single Fe atom embedded in 

SV was found to be non-magnetic. In contrast, a single Fe atom in a double vacancy (DV) 

defect in graphene acquired a high magnetic moment of 3.5 µB 14. The high spin state of 

Fe@DV was further experimentally verified via core-level electron energy-loss spectroscopy 

of its L edge white-line intensity ratio 20. 

Theoretical calculations based on DFT have also revealed strong binding of Sc-Zn, Pt and Au 

atoms in vacancy defects in graphene due to strong interaction between sp2-carbon and spd 

orbitals of a metal, with migration barriers around 2–4 eV for metals at SV and slightly higher 

for DV. The total magnetic moments of Cr and Mn were 2 and 3 µB, respectively, for both 

types of defects 18. The non-bonding d-orbitals were partially occupied for Cr and Mn, while 

the antibonding states were filled for Fe 21. Further, the Curie temperature of Cr@SV was 

theoretically estimated to be 498.2 K 19.  

DFT calculations have revealed that graphene doped by a single Mn atom undergoes 

a transition from non-magnetic semi-metal into FM half-metal 22. A second Mn atom binds 

preferentially in the immediate vicinity of the Mn already present in the graphene lattice and 

they interact antiferromagnetically (AFM) in the ground state (GS) 19,22. The magnetic 

moments of Mn@SV vary with the Mn concentration and originate from the p-d exchange 

mechanism 23.  

Such calculations have also indicated that doping a Cr atom into the SV defect in graphene 

tuned its Fermi level (EF) from semi-metal to half-metal. The p-d exchange mechanism 

between the C-p and Cr-d states was responsible for the induced magnetism in the otherwise 

non-magnetic graphene 24. The doping of two Cr atoms into the graphene monolayer generated 

a magnetic moment of ~4 µB. Depending on the distance between the Cr dopants, the GS was 

found to be FM, AFM or paramagnetic (PM). The origin of the particular magnetic state was 

described on the basis of RKKY indirect exchange interactions 25.  Experimentally, a Cr atom 

was inserted into e-beam induced vacancies in a graphene lattice in situ in STEM, though 

unfortunately its electron energy loss spectrum was not reported 26.  

Despite the abundant computational literature on the structural, electronic and magnetic 

properties of graphene doped with Cr, Mn and Fe, calculations of their MAEs are more elusive 

14,17 and, to the best of our knowledge, MAE of Cr- and Mn-doped graphene has not been 
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calculated until now. This is surprising because the estimation of the magnetic anisotropy 

caused by SOC is of fundamental importance for assessing the material’s applicability for 

spintronic applications. Further, information can be stored and processed in the atomic scale, 

if the atomic spins are coupled 3,27,28. Thus, for the application of graphene in spintronic 

devices, the graphene lattice will contain multiple TM atoms rather than a single-atom dopant. 

In addition, the easy axis must be oriented perpendicular to the surface of the substrate to reduce 

the dipolar magnetic interactions between neighboring magnetic moments. Hence, examining 

the interaction of magnetic atoms in the graphene lattice is of both fundamental and practical 

interest.   

In this work, systematic spin-polarized (SP) DFT calculations including SOC were carried out 

to investigate structural, electronic and magnetic properties of defective graphene containing 

SV and DV defects, optionally also N-decorated 29, doped with Cr, Fe and Mn. In light of 

recent advances in experimental manipulation of foreign atoms in the graphene lattice 30,31 and 

the theoretical prediction for manipulation of an Fe atom 32, these elements were selected as 

examples from Groups VI-VIII.B to elucidate changes in electronic and magnetic properties of 

doped graphene, including the MAE, with respect to the distances between TM atoms, both of 

the same element and two different TM atoms. The formation of upright TM dimers was further 

considered.  Our main finding is that doping graphene with two different TM atoms and the 

formation of TM dimers leads to a tremendous increase in MAE compared to SA-doped 

graphene. 

Computational details 

First-principle calculations were performed by using SP-DFT as implemented in the Vienna 

Ab-initio Simulation Package (VASP) 33–35. The electron-ion interactions were treated by 

projector-augmented wave (PAW) method 36,37. The basis set contained plane waves with 

a maximum kinetic energy of 500 eV. The electronic exchange and correlation effects were 

treated by the Perdew, Burke and Ernzerhof (PBE) 38 functional in the generalized gradient 

approximation (GGA). 

The graphene monolayer was represented by 3×3 and 6×3 orthorhombic cells containing 48 

and 96 atoms, respectively, and a vacuum layer of 15 Å deployed along the z-direction to avoid 

spurious interactions between the images of the graphene layers due to the periodic boundary 

conditions. To construct the SV and DV defects, one and two carbon atoms were removed from 

the graphene lattice, respectively, which resulted in the reconstruction of carbon bonds after 
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optimization 39 (Figure 1a,b). In the SV five- and nine-membered rings were formed, and due 

to the unsaturated C center (2-fold-coordinated C atom), a local magnetic moment  of about 

1.2 µB was observed 39. In the DV five- and eight-membered rings were formed and remained 

non-magnetic as reconstruction of the atomic positions facilitates an overlap of unpaired sp2 

electron clouds. Density of states (DOS) of SV showed spin-polarized metallic behavior 

(Figure S1a), while DV exhibited non-magnetic DOS with a bandgap of 0.1 eV (Figure S1e). 

Nitrogen-containing vacancy defects were also considered; the quadruple-N-decorated double 

vacancy (NDV) was non-magnetic, while the corresponding triple-N-decorated single vacancy 

(NSV) possessed magnetic moment of 0.3 µB 40. To include TM atoms, we initially placed the 

Cr, Mn and Fe atoms ~1 Å above the center of the optimized vacancy because it is the most 

preferred binding site 14, and re-optimized the structures.  

We further introduced two defects in the 6×3 cell to examine possible changes in the structural, 

electronic, and magnetic properties of graphene doped with two TM atoms of the 

same/different elements. We also considered changes in the distance between TM atoms and 

their effect on the properties of the doped graphene. Finally, we adsorbed another TM atom on 

top of TM@(N)SV and TM@(N)DV to study the properties of dimers TM2@TM1@(N)SV 

and TM2@TM1@(N)DV. 

All structures were optimized until forces acting on all atoms were reduced to less than 

10 meV/Å and the electronic and magnetic degrees of freedom were relaxed until the change 

in total energy between successive iteration steps was smaller than 10−6 eV. A Gaussian 

smearing of width 0.02 eV was used for partial occupancies of orbitals. For sampling of the 

Brillouin zone, convergence tests demonstrated the sufficiency of a Γ-centered 6 × 6 × 1 k-

point mesh (3 × 6 × 1 mesh for the 6×3 cell). Static calculations were performed with the 

tetrahedron method with Blöchl correction 41, while keeping the remaining computational 

parameters unchanged.  

The binding energies, Ebind, of TM atoms to defective graphene were evaluated as  

𝐸𝑏𝑖𝑛𝑑 =  𝐸𝐷𝐺+𝑇𝑀 − 𝐸𝐷𝐹 − 𝐸𝑇𝑀, 

where 𝐸𝐷𝐺+𝑇𝑀, 𝐸𝐷𝐹  and 𝐸𝑇𝑀 are energies of defective graphene doped with TM, defective 

graphene, and a single TM atom in the gas phase, respectively. The binding energy of a second 

(upper) TM atom with the lower TM atom already embedded into the graphene lattice to form 

an upright TM dimer was evaluated as  

𝐸𝑏𝑖𝑛𝑑 =  𝐸𝐷𝐺+𝑇𝑀1+𝑇𝑀2 − 𝐸𝐷𝐹+𝑇𝑀1 −  𝐸𝑇𝑀2. 
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To further assess the stability of TM atoms and dimers in their ground-state configurations, we 

evaluated their migration barriers from imperfect regions of the graphene lattice. In addition, 

the Hessian matrix was determined to exclude the presence of imaginary modes in the spectrum 

of phonon frequencies. The finite difference method was used, i.e., each ion was displaced in 

the direction of each Cartesian coordinate, and from the forces the Hessian matrix was 

determined. Only symmetry inequivalent displacements were considered with a step size of 

0.02 Å and the self-consistency cycle converged until the energy difference reached 10-7 eV. 

Bader charge analysis 42,43 was performed to evaluate the charge located on each atom (qBader)  

𝑞𝐵𝑎𝑑𝑒𝑟 =  𝑉𝑣𝑎𝑙 − 𝑁𝐵𝑎𝑑𝑒𝑟 , 

where, respectively, 𝑉𝑣𝑎𝑙 and 𝑁𝐵𝑎𝑑𝑒𝑟  denotes the number of valence electrons in a free atom 

and the computed number of valence electrons in the atom in the system. 

Spin orbit coupling has been implemented in VASP by Kresse and Lebacq following the 

approach of Kleinman and Bylander 44  and MacDonald et al. 45. Calculations including SOC 

were performed in the non-collinear mode as implemented in VASP by Hobbs et al. 46. The 

magnetic anisotropy energy (MAE) per computational cell was evaluated as the difference in 

total energies (TE) between different orientations of the magnetization, 

MAE = 𝐸𝑥 − 𝐸𝑧.  

In this convention, a positive MAE corresponds to an easy axis perpendicular to the graphene 

plane. For selected systems and the denser 11 × 11 × 1 k-point mesh, the MAE changes were 

about 1 meV 14. 

Since DFT+U methods depend on semi-empirical values of U–J 47 whose transferability 

between different systems is questionable, and if moderate values of the on-site Coulomb 

repulsion are admitted, they introduce only modest changes with respect to conventional DFT 

calculations 27, whereas large values of the on-site repulsion led to unrealistic eigenvalue 

spectra of TM dimers 48, we used DFT+U method with U–J of 2 eV.  

In addition to fully self-consistent calculations of MAE, the magnetic force theorem 49, 

MAE(FT), was applied. The FT permits to approximate the MAE by the difference in the band 

energies from non-self-consistent calculations thus significantly reducing the computational 

efforts, though it can also lead to errors that are difficult to control 14. 

The energy barrier against thermal agitations can be represented by the MAE via a simple 

equation, MAE = kBT. Thus, MAE of 32 meV would be sufficient to allow the system 
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withstanding a single thermal excitation up to 373 K. However, given the stochastic nature of 

the thermally induced reversal of the magnetization direction, the MAE corresponds to the 

blocking temperature Tb by an equation based on Néel’s theory 50, 

MAE = 𝑘𝐵𝑇𝑏 (ln
𝜏𝛮

𝜏0
), 

where τN represents the aimed relaxation time (10 years), and τ0 is the attempt period specific 

for every magnetic material (usually in the order of 10–l0 s, which is also assumed here). 

 

Figure 1 Top view of a) single vacancy defect in graphene, b) double vacancy defect in 

graphene, c) TM@SV, d) TM@DV (where TM stands for Cr, Mn, Fe). Side view of e) 

TM@SV and f) TM@DV. Carbon atoms are depicted in grey, TM atoms in ochre. Five-

membered rings are highlighted in green, eight- and nine-membered rings in red (cf. the text). 

Spin densities corresponding to positive/negative magnetic moments are displayed in blue/red 

at isosurface values of ±0.035 e–Å-3. Supercells are marked by dashed lines. After the cell was 

doubled in the x-direction, a second defect was introduced into the lattice. 
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Experimental details 

Scanning transmission electron microscopy images were recorded using an aberration-

corrected Nion UltraSTEM100 instrument operated at 60 kV in near-ultrahigh vacuum using 

the MAADF (medium-angle annular dark-field) detector with an angular range of 80–200 

mrad. As a sample we used chemically synthesized commercial monolayer graphene 

(Graphenea), which occasionally contains incidental lattice imperfections. Localized magnetic 

moment analysis was further conducted via electron energy-loss spectroscopy using a Gatan 

PEELS 666 spectrometer retrofitted with an Andor iXon 897 electron-multiplying charge-

coupled device camera, with an energy spread of approximately 0.35 eV and a dispersion of 

0.5 eV px–1. The Mn L edge fine structure white-line ratio L3/L2, which represents dipole 

transitions from the Mn 2p3/2 and Mn 2p1/2 to unoccupied 3d levels 20, was calculated after 

smoothing the spectrum with a 3.5 eV moving average, and then subtracting the pre-edge 

background to estimate the L3 peak area, followed by subtracting the background from the tail 

of that peak to determine the L2 peak area. 

Results 

1) Single-Atom Doped Graphene  

First, we focused on the binding energies and structural properties of TM@SV and TM@DV 

(Figure 1). All TM atoms were strongly bound to defective graphene in line with previous 

reports 14,18,21. Binding in the DV defect was more favored than in the SV defect in line with a 

larger charge transfer from TM atoms to graphene lattice in TM@DV (Table 1). TM atoms 

were lifted out of the graphene plane during optimization due to the steric effect of their larger 

size. For the TM@SV, the length of the TM–C bond varied between 1.81–1.88 Å. The bonds 

of TM@DV were longer, in the range 1.90–2.07 Å (Table 1). Generally, the length of TM–C 

bond decreased in the order from Cr to Fe as the size of the atoms decreases. TM@SV caused 

buckling of the graphene layer which was more pronounced in the vicinity to the TM atom, 

while for TM@DV almost no buckling was observed (Figure S2). 

Bader analysis showed charge transfer from TM atoms to their carbon neighbors (0.7–1.2 e–, 

cf. Table 1) consistent with the higher electronegativity of C than the TM atoms. We also 

considered the charge states of TM (common oxidation states II and III) in SV and DV defects 

by using the finite model of ovalene (Figure S3), B3LYP 51,52  functional and def2SVP basis 

set as implemented in Gaussian 09 53. The natural bond orbital (NBO) analysis 54 was employed 
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to evaluate TM’s partial charges. The analysis revealed a charge transfer mainly from the s and 

p orbitals of TM atoms, while the C atoms of graphene lattice back-donate charge to the d-

orbitals of TM atoms (Table S1 and Table S2). 

All TM atoms studied here induced magnetic moments in graphene (Figure 1c,d). In TM@SV, 

three metal valence electrons participate in the formation of TM–C 𝜎-bonds, one electron in 

a TM–C π-bond and remaining unpaired valence electrons (two of Cr and three of Mn) induce 

magnetic moments respectively of 2.0 µB and 3.0 µB (Table 1). In TM@DV, metal valence 

electrons are involved in the formation of four TM–C 𝜎-bonds and one to create the π-bond. 

The π-electrons on the atoms in the immediate vicinity to the DV defect have opposite spins 

cancelling each other out; the remaining valence electrons of TM atoms induce magnetic 

moment in graphene (Table 1). The magnetic moments on Fe were 1.8 µB and 3.0 µB for 

Fe@SV and Fe@DV, respectively. An earlier study at the GGA-PBE level revealed zero 

magnetic moment for Fe@SV because the Fe impurity has doubly occupied states and an even 

number of electrons 18; however, the on-site Coulomb correction led to the non-magnetic 

solution higher in energy than the magnetic one by 0.03 eV in agreement with the study by 

Santos et al. 35 

Doping with TM atoms induced changes in the electronic structure of graphene from semi-

metal to metal (Mn@DV and Fe@DV), half-metal (Fe@SV 17,19) and/or semiconductor 

(Cr@SV 19,26, Mn@SV 22,55, and Cr@DV 26), in good agreement with the literature, as depicted 

in Figure S1 and Table S3. However, the atom- and orbital-decomposed partial densities of 

states (PDOS) revealed an even more complex picture of changes in the electronic structure of 

graphene upon doping. Whereas the C3v symmetry of TM@SV broke the degeneracy of d-

orbitals into dz
2, dxy/dx2-y2 and dxz/dyz that coupled with the p-orbitals of the carbon atoms, the 

coupling of states with energies above and below the Fermi level (EF) through spin-orbit 

interaction, which promotes either perpendicular or in-plane magnetization, depending on the 

spins and symmetries of the interacting states 56,57, as schematically shown in Figure S4. PDOS 

of Cr@SV demonstrated predominant contribution of the occupied dδ (and in a smaller extent 

dz
2) orbitals and empty dz

2 orbital to the intragap states (Figure S5) favoring in-plane MAE, 

which is, however, dominated by the large energy denominator and, thus, very small. PDOS 

of Mn@SV and Fe@SV (Figures S6 and S7) showed that the TM dz
2 orbital contributes to the 

spin-up valence band (VB) edge and the TM dδ and dπ orbitals to the spin-down conduction 

band (CB) edge that provides competitive negative/positive contributions to the MAE. The 

spin-up VB(CB) edge of Cr@DV (Figure S8) exhibited sharp peaks of dxy/dx2-x2 (dxz/dyz), thus 
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the electron hopping between the nearest occupied and unoccupied states favors the in-plane 

anisotropy, which is counterbalanced by another mechanism, i.e., lowering of the total energy 

by a downshift of dx2-y2 derived bands. Since the degenerate dxy/dx2-y2 states are far from EF, the 

effect is small, and altogether, the MAE for Cr@DV does not exceed 0.05 meV (Table 1). 

Both Mn@DV (Figure S9) and Fe@DV (Figure S10) showed half-metallic DOS originating 

respectively from spin-up and spin-down of dxz/dyz, which provides the primary contribution to 

the positive MAE. 

SP-DFT calculations including SOC revealed quite small MAEs ranging between ±0.1–

1.1 meV and increasing within the Cr-Mn-Fe order (Table 1) in line with the low orbital 

moment anisotropy at isotropic spin moments (Table S4). The magnetic force theorem 

provided even lower values of MAE (Table 1). 

Table 1 The binding energy E
bind

 (eV), TM–C bond length (Å), total magnetic moment µtot 

(µB), magnetic moment of TM µTM (µB), magnetic moment of nearest carbon atoms µC (µB), 

Bader charges qBader of TM (e–), MAE(TE) and MAE(FT) (both in meV) of TM@SV and 

TM@DV. 

system E
bind

 TM–C µtot µTM µC qBader MAE(TE) MAE(FT) 

Cr@SV -6.47 1.88 2.00 2.44 -0.12 1.04 -0.15 -0.11 

Mn@SV -6.39 1.85 3.00 2.75 -0.09 0.91 -0.26 -0.25 

Fe@SV -7.13 1.81 1.95 1.81 -0.03 0.74 0.83 0.25 

Cr@DV -7.24 2.07 2.00 2.44 -0.10 1.18 0.05 0.02 

Mn@DV -7.21 1.98 3.25 3.42 -0.08 1.17 0.64 0.49 

Fe@DV -6.48 1.90 3.16 2.98 -0.03 1.17 1.11 0.21 

In our scanning transmission electron microscopy observations of chemically synthesized 

monolayer graphene, we were able to find an incidental Mn impurity bonded to four carbon 

neighbors in a defected area of the lattice (Figure 2a). The identity of the impurity was 

confirmed by electron energy-loss spectroscopy, which also allowed us to determine its Mn 

L3/L2 white-line ratio as 1.74±0.05 (Figure 2b). This value contrasts with the almost twice as 

high value of 3.38±0.05 reported by Lin et al. for Fe@DV 20. While it is difficult to precisely 

quantify the values of their magnetic moment based on these ratios 58, such a large difference 
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is surprising considering that our simulation results shown in Table 1 would lead to expect that 

both Fe and Mn exhibit similar localized magnetic moments. 

The reason for this discrepancy could be the local disorder here: while the Mn is bonded to 

four carbon neighbors, the nearby lattice contains pentagonal and heptagonal rings. 

Furthermore, other impurities that are presumably silicon are bound to vacancies in the nearby 

lattice, which might further disturb the localized properties of the Mn site. Indeed, simulations 

with simultaneous Mn and Si dopants in the 6×3 cell indicated the reduction of the magnetic 

moment on Mn because of nearby Si (Table S5 and Table S6). Bader charge analysis revealed 

a charge transfer of 2.2–2.5 e– from Si to the graphene lattice and the DOS plots of Mn1Si@SV 

and Mn1Si@DV shown in Figure S11 exhibit small electronic gaps, overlap of pz- and dz2-

derived states and, thus, the reduced Mn magnetic moment. There are multiple Si atoms in the 

experimental sample, which further reduces the Mn magnetic moment. These findings 

highlight the sensitivity of the experimental magnetic moment to sample quality, and the need 

for further systematic studies.   

Very recently, the incorporation of substitutional Mn atoms into SV defects in graphene on 

Cu(111) has been reported 59. While the L3/L2 Mn white-line ratio has not been studied, the 

reported magnetic moment on Mn from DFT calculations is ~3 µB, which agrees with our 

results (Table 1).        

 

Figure 2 Experimental observation of a Mn@DV impurity. a) STEM/MAADF image of the 

Mn atom (bright contrast) bonded to four carbon atoms in a disordered patch of graphene. The 

slight irregular variation in the contrast of some scan lines before the impurity is likely due to 

mechanical or electronic scan noise. b) EEL spectrum of the Mn L core edge, confirming the 
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identity of the impurity and allowing us to determine its localized magnetic moment via the 

L3/L2 white-line ratio. 

2) Graphene simultaneously doped by two TM atoms 

Recent experimental manipulation of impurity atoms in monolayer graphene 30,31,60 has raised 

our interest in studying the influence of the mutual arrangement and distance of TM atoms 

(thereafter denoted as TM1TM2@SV and TM1TM2@DV) on the electronic and magnetic 

properties of graphene. We used a larger 6×3 orthorhombic cell containing 96-carbon atoms to 

introduce a second SV or DV defect in the graphene lattice as shown in Figure 1, and by 

changing the distance between the vacancy defects (Figure S12 and Figure S13), we simulated 

the mutual interaction of TM atoms at different separations within the graphene lattice. Both 

cis/trans position of TM atoms in graphene lattice (i.e., both TM were above the graphene 

lattice vs. one TM above and one below the lattice) were considered, but only the most 

energetically stable structures are discussed in the following. 

While virtually no differences in the structural features of TM1TM2@SV and TM1TM2@DV 

were observed compared to TM@SV and TM@DV, the magnetic moments significantly 

differed from those of single TM-atom doped graphene (Table S7 and Table S8). One could 

expect that the magnetic moments of the larger 6×3 cells should correspond to the sum of the 

magnetic moments of TM-SAs (this is indeed true for CrCr@SV and MnMn@SV), however, 

CrCr@DV and MnMn@DV exhibited even higher magnetic moments indicating synergistic 

effect between the TM-atoms, i.e., maximum value of 8.0 µB per computational cell vs. the 

expected 4.0 µB for Cr and 6.0 µB for Mn. At the same time, the values of magnetic moments 

varied between 6.1 and 8.0 µB (CrCr@DV) and 7.3 and 8.0 µB (MnMn@DV) depending on 

the mutual TM-TM distance, and between 2.5–6.0 µB and 5.6–6.9 µB respectively for 

FeFe@SV and FeFe@DV (Table S7 and Table S8). No systematic change of magnetic 

moments with the TM-TM distance was however observed. In agreement with the previous 

reports 19,22,25,61 depending on the distribution of the TM atoms in the graphene lattice, the AFM 

order was more energetically preferred than the FM one; for instance, MnMn@SV (Figure 

S12-20) and CrCr@DV (Figure S13-4) were AFM in the GS and lower in energy by 69.8 and 

30.4 meV, respectively, as compared to the FM order.  

As compared to TM@SV and TM@DV, DOS of TM1TM2@SV and TM1TM2@DV 

(Figure S14-S23 and Figure S24-S31) changed significantly due to the introduction of 

a second TM atom into the graphene lattice. For the CrCr@SV GS structure (Figure S14; see 
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also Figure S15), the degeneracy of the dδ-derived states was broken, and they were broadened 

due to the largely increased binding energy of the second Cr atom. Further, an up-shift towards 

lower binding energies was observed for occupied dxz/dyz, which were also broadened. 

Importantly, while the bandgap value (Table S9) for the GS structure was 0.5 (0.3) eV for the 

spin up (down) channel, the less stable FM structure (Figure S15-4) exhibited metallic DOS 

(Figure S16), while in the AFM alignment (more stable than the FM one by 99.1 meV) it 

exhibited an electronic gap of 0.3 eV (Figure S17). 

For MnMn@SV, a broadening and up-shift of the occupied d states brought about the metallic 

character to the DOS of the GS structure (Figure S18, Table S9) with FM alignment of the 

magnetic moments. For the GS structure ordered AFM (Figure S19), and for the less stable 

system (Figure S20), the electronic gap was shrunk by 0.1–0.2 eV comparing to the SA 

counterpart. Similarly, the electronic gap of FeFe@SV GS was as low as 0.1 eV (Table S9, 

Figure S21), or even disappeared for the GS–1 FM structure (Figure S22). The bandgap of the 

GS-1 AFM structure (more stable than the FM one by 98.4 meV) was 0.2 eV (Figure S23).  

For TM1TM2@DV, we observed half-metallic (metallic) character of CrCr@DV in the GS 

(GS–1) (Figure S24-S26) and a small bandgap (up to 0.3 eV) opening for MnMn@DV (Figure 

S27-S28) and FeFe@DV in the spin up channel (Figure S29-S30) (Table S9). The AFM 

FeFe@DV (Figure S31) was lower in energy than the FM analogue by 29.7 meV and exhibited 

a tiny bandgap of 0.1 eV. 

Whereas the MAE changed within the range of 0.4 meV (calculated per computational cell) 

for the TM pairs, no systematic dependence of the MAE on the TM–TM distance was observed. 

While the MAE of both MnMn@SV and MnMn@DV roughly reached twice the MAE value 

of Mn@SV and Mn@DV, the MAE of CrCr@SV and CrCr@DV increased and the MAE of 

FeFe@SV and FeFe@DV decreased compared to the SA counterparts (Table S7 and 

Table S8). It should be noted, however, that for the graphene-doping homoatomic pairs, the 

MAEs are in the sub-meV range, and the highest MAE found for CrCr@DV is only 1.6 meV. 

We also note that the sign of the MAE changed in some cases. 

Since the value of MAE for homoatomic doped graphene did not significantly change with the 

mutual distance between TM atoms, for graphene doped with two different atoms we only 

examined MAE for a fixed distance of 12.87–13.24 Å between TM1 and TM2. The total 

magnetic moment of such a system increased to approximately the sum of the magnetic 

moments of the individual TM atoms (Table 2 and Table S10). The electronic bandgaps 

reached roughly intermediate values obtained for the SA counterpart (Table S11 and Figures 
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S32-S38). FeMn@SV and FeMn@DV exhibited metallic DOS. Apart from CrFe@DV, whose 

GS was AFM and higher in energy than the FM one by 15.4 meV, all other systems were FM 

in the GS. 

 

Table 2 The binding energy E
bind

 (eV), TM1–TM2 distance (Å), total magnetic moment µtot 

(µB), magnetic moments of TM1 and TM2 µTM1, µTM2 (µB), and MAE(TE) and MAE(FT) (per 

computational cell, both in meV) of TM1TM2@SV and TM1TM2@DV depicted in 

Figures S32-S38. 

Structure E
bind

 TM1-TM2 µtot µTM1, µTM2 MAE(TE) MAE(FT) 

CrFe@SV -12.16 13.24 4.00 2.49, 1.55 8.80 0.15 

CrMn@SV -11.73 12.86 5.00 2.48, 2.73 0.40 -0.34 

FeMn@SV -11.25 13.04 4.89 1.58, 2.84 2.90 -0.16 

CrFe@DV (AFM) -5.53 12.95 0.00 0.23, -0.04 -23.20 0.61 

CrFe@DV -5.52 12.95 6.00 2.43, 3.12 -23.00 0.49 

CrMn@DV -5.17 13.00 5.09 2.45, 3.42 16.00 0.59 

FeMn@DV -3.97 12.87 6.70 3.02, 3.48 -15.80 1.08 

 

Noticeably, the MAE (calculated per computational cell) significantly increased as compared 

to the single TM-atoms, reaching –23.0 meV for FM CrFe@DV, 16.0 meV for CrMn@DV and 

–15.8 meV for FeMn@DV. The character of spin excitations near EF remains similar for Cr in 

Cr@DV (Figure S8) and in mixed systems CrTM@DV (Figures S35, S36 and S39), i.e., the 

electron hopping between the nearest occupied and unoccupied states, dxy and dyz, favors the 

in-plane anisotropy. For the Mn atom in CrMn@DV, spin excitations involving spin-up 

occupied/empty dxz/yz and spin-up occupied dxz and spin-down empty dz2 favors positive MAE 

(Figures S37 and S40). For Mn in FeMn@DV (Figures S38 and S41), spin excitations in the 

immediate vicinity to EF involving dyz/xz favor positive MAE, which is counterbalanced by the 

negative contribution from the coupling between majority-spin occupied dxy and empty dxz/yz. 

Similarly, the coupling between spin-majority occupied dyz and spin-minority empty dxz, and 

between spin-majority occupied dxy and spin-minority unoccupied dxz favors, respectively, 

negative and positive MAE.  

While the occupation scheme of Fe in FeMn@DV is like in Fe@DV – the negative contribution 

to MAE is due to the coupling of majority-spin and minority-spin dyz/xz, which compete with 

the positive contribution as described above for Fe@DV – it changed in CrFe@DV (Figure 
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S35) so that now easy-plane is also favored due to the net negative contribution from the 

coupling between majority-spin/minority-spin occupied/unoccupied dxz/yz, and between 

minority-spin occupied dz2 and unoccupied dxz/yz; however, the coupling between majority-spin 

occupied dxz/yz and minority-spin unoccupied dz2 provides a positive contribution to the MAE. 

One shall also note that the energy denominators in the mixed systems and thus the 

corresponding contributions to the MAE can be different than in SA doped graphene. 

The visible effect of the enhanced MAE in DV-graphene doped with two different TM atoms, 

which contrasts with SA doped graphene, is a changed splitting of energy bands that were 

degenerate in the absence of spin-orbit interaction, specifically the dxz/yz states, and the 

downshift in binding energies of the dz2 states, both leading to a lowering of the total energy 

(Figures S39-S44) upon the reorientation of the magnetization direction: The easy-plane of the 

CrFe@DV and FeMn@DV systems seems associated with the downshift in binding energies, 

respectively the dyz, dxz, dz
2 states (Figure S39-S40) and the dxz and dyz states (Figure S43-

S44). As for CrMn@DV, the changes in d-DOS of Cr at about –1.5 to –1.0 eV and of Mn at 

about –1.5 eV brought about the positive MAE (Figure S41-S42). Surprisingly, the spin and 

orbit anisotropy for both CrFe@DV and CrMn@DV was ~0.0 µB, while for FeMn@DV 

a substantial spin anisotropy at almost isotropic orbital moments was found (Table S10). 

Interestingly, when Cr and Mn atoms of CrMn@DV were separated by 6.55 Å, the MAE 

increased up to 47.5 meV due to a strong anisotropy of the spin moments (–0.55 µB). 

Note that the MAE obtained by using the magnetic force theorem, MAE(FT), were much lower 

than MAE(TE). In principle, FT calculations can be used to decipher the atomic and orbital 

partial contribution to MAE; however, this was not possible for the systems studied here due 

to the negligible MAE(FT). 

The presence of TM atoms induces magnetic moments in the surrounding carbon atoms, as 

revealed by asymmetry in electronic DOS (Figures S32-S44), i.e., the sharing of electrons 

between the magnetic atoms and the lattice leads to a net magnetic moment on the carbon sites 

(Figures S45-S47). Further, a (half)metallic DOS at EF (CrMn@DV) and FeMn@DV can 

enable the conduction electrons to couple to the magnetic moments indicating the presence of 

an RKKY (Rudermann–Kittel–Kasuya–Yoshida) 62–64 exchange through the graphene lattice 

(Figure S48). For the CrFe@DV system with small energy gaps at EF, the RKKY interaction 

is suppressed and the coupling between TM atoms is due to a super-exchange network of 

interactions throughout the carbon atoms. Thus, the origin of the greatly enhanced MAE up to 

–23 meV for DV-graphene doped simultaneously by two different TM atoms can be sought in 
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graphene-mediated coupling due to the RKKY-like super-exchange interactions between TM-

atoms. Electrons predominantly hop between the occupied and unoccupied states in the 

immediate vicinity to EF, which leads to the switch of magnetic anisotropy from the easy-plane 

direction for CrFe@DV (Figure S35) and FeMn@DV (Figure S38) to the out-of-plane 

direction for CrMn@DV (Figure S37). Although the RKKY-like super-exchange interactions 

between Cr and Mn pairs and trimers doping the graphene lattice 65,66 have also been reported, 

only pairs of different TM atoms in DV appear to influence their electronic structures in favor 

of large MAEs.  

Notably, the graphene-doping heteroatomic TM pairs should exhibit a high stability in the 

vacancy defects (Table S12 and Figure S49). This contrasts the behavior of 3p/2p or 4p/2p 

co-doping elements, which in almost all cases prefer to replace a C–C bond 67,68. 

For the sake of completeness, the simultaneous adsorption of two TM atoms in the centers of 

two different defect types separated by about 7.8 Å and 9.5 Å was considered: Cr1Cr2@SVDV 

and CrFe@SVDV (Table S13 and Figure S50). The magnetic moments were close to the sum 

of the individual Cr@SV and Cr@DV systems; only the magnetic moment on Fe was lower as 

in Fe@DV. The MAEs were low, about 1 meV. However, it was significantly enhanced from 

0.1 meV to 8.1 meV in Cr1Cr2@SVDV when the inter-vacancy distance changed from 7.8 to 

9.4 Å, indicating that in experimental samples the precise implementation of TM atoms may 

play a significant role for achieving a large MAE. 

  

3) Adsorption of a TM atom onto TM Doped Graphene  

Theoretical calculations revealed that transition metals dimers can exhibit an enhanced MAE 

than the SA-doped graphene 7,14,48. Therefore, we considered TM–TM dimers embedded into 

defective graphene as shown in Figure S51-S62. The binding energy of a second TM atom on 

top of TM@DV and TM@SV was exothermic in energy ranging from –4.05 eV to –0.04 eV 

with a TM1–TM2 bond length of 1.98-2.85 Å (Table 3). It must be noted that while more stable 

configurations may be obtained by binding TM atoms to graphene on both sides, the resulting 

MAEs are low, in sub-meV range (cf. Table S14 and Figure S63), as are the MAEs of the 

graphene-doping TM-SAs. 

Table 3 The binding energy E
bind

 (eV), TM1–TM2 distance (Å), total magnetic moment µtot 

(µB), magnetic moments of TM1 and TM2 µTM1, µTM2 (µB), and MAE(TE) and MAE(FT) (per 

computational cell, both in meV) of TM2@TM1@SV and dimers TM2@TM1@DV depicted in 

Figures S51-S63. 
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Structure E
bind

 TM1–TM2 µtot µTM1, µTM2 MAE(TE) MAE(FT) 

Cr@Cr@SV -0.39 2.85 3.72 2.32, 1.28 -0.73 -0.43 

Fe@Cr@SV -1.66 2.19 2.97 1.89, 1.80 -6.85 -1.26 

Mn@Cr@SV -2.70 2.19 6.86 1.90, 4.38 -1.13 -0.22 

Fe@Fe@SV -0.09 2.27 1.42 -0.03, 1.37 -12.40 0.77 

Fe@Mn@SV -3.61 2.31 5.00 1.65, 3.44 -5.05 -1.79 

Mn@Mn@SV -0.19 2.47 7.98 2.48, 4.61 14.90 -1.96 

Cr@Cr@DV -0.04 2.48 6.00 0.75, 4.56 -0.42 -0.20 

Fe@Cr@DV -3.39 2.19 4.00 0.76, 3.09 -2.31 -1.39 

Mn@Cr@DV -4.05 2.19 3.00 -1.60, 3.84 0.35 0.27 

Fe@Fe@DV -1.58 2.13 3.96 -0.96, 3.75 -0.86 1.29 

Fe@Mn@DV -1.25 1.98 3.03 0.46, 2.52 9.79 0.61 

Mn@Mn@DV -2.64 2.37 8.04 3.30, 4.28 0.16 0.11 

 

The interaction between the TM atoms in a dimer led to lower or higher total (1.4–8.0 µB) and 

local magnetic moments as compared to the SA-doped defective graphene (Table 3 and 

Table S15). The magnetic moment of the lower TM atom was quenched by the adsorption of 

a second TM atom.  

The relatively strong binding of a second TM2 atom above the TM1 in TM2@TM1@SV and 

TM2@TM1@DV significantly altered the electronic structure of the TM1 doped graphene 

(Figures S51-S62, Table S16). Particularly, broadening and/or upshift of the states led to the 

metallic DOS for several systems (Cr@Cr@SV, Fe@Cr@SV, Fe@Fe@SV, cf. Figures S51, 

S52, S54, and Figures S64-S67). For the metallic Fe@Cr@DV and Fe@Mn@DV, the 

reordering of states in the vicinity to EF was observed (Figures S58, S61 and S67). In the 

remaining systems the band gap in the range of 0.1 and 0.5 eV was calculated (Table S16). 

Among the TM dimers considered, a large positive MAE was calculated for Fe@Mn@DV 

(9.8 meV) and Mn@Mn@SV (14.9 meV), and a large negative MAE for Fe@Fe@SV                    

(–12.4 meV) (Table 3). The systems with the largest MAE exhibited the largest anisotropies 

of the magnetic moments (Table S15). The shape anisotropy contribution 69 to MAE is 

negligible, below 1 meV, increasing from 0.04 meV for the mixed-atom system CrFe@DV to 

0.91 meV for Fe@Mn@DV. Since only Fe@Mn@DV has a big Ebind among dimers with 

a large MAE, we will focus only on it in the following. 
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Figure S61 shows the change of occupation of the Mn atom in the Fe@Mn@DV system 

compared to SA Mn@DV (Figure S9). The dxy/x2–y2 states of the lower atom are pushed down 

to –0.75 eV, the dxz/yz states above EF, and dz2 split into two components, one below occupied 

dxy/x2–y2 and another just above EF. The states of Fe lie in the immediate vicinity to EF. The dz2 

states of both TM atoms split and coincide indicating σ bonding between two metal atoms. The 

dxz/yz states of both TM atoms are broadened and overlap, indicating π bonding.  

The spin excitations near EF for the Mn atoms (Figure S61) favor a negative MAE. This, 

however, due to the large energy denominator is very small. Previous reports 13,14,16 have 

demonstrated that the leading contribution to the MAE is imposed by the upper TM atom 

despite the opposite sign of MAE of the lower TM atom. For the upper Fe atom, the coupling 

between minority-spin occupied dxy and majority-spin empty dxz/yz favors the positive MAE. 

Further positive contribution to the MAE is associated with the downshift of the peaks in the 

dyz spectra to about –1.4 to –1.2 eV for the perpendicular magnetization, which was located 

just below EF for the in-plane direction. Altogether, the downshift in binding energies of the d-

states of the upper TM atom favoring the positive MAE can be seen in the relativistic PDOS 

(Figure 3 and Figure S67). 

 

Figure 3 Relativistic partial atom/orbital-resolved densities of states for Fe@Mn@DV 

(Figure S61h) for in-plane (solid lines) and perpendicular magnetization (dashed lines). a) Mn 

atom and b) Fe atom. (Cf. Figure S67). 
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Interestingly, the introduction of second dimer separated by 12.9 Å (6×3 cell, Figure 4) caused 

the increase of MAE up to 119.7 meV in Fe@Mn@DV due to the spin transition as indicated 

in spin anisotropy of –1.6 µB and orbital anisotropy of 0.1 µB. The scalar-relativistic PDOS 

(Figure S68) for the two Fe–Mn dimers bound to separate DV defects indicates on competing 

contributions to positive/negative MAE due to excitations near EF.  However, the gapless 

PDOS facilitates graphene-mediated coupling between the dimers due to the RKKY exchange 

interactions (see above and Figure S69), and furthermore, the quasi-degeneracy of partially 

occupied states at EF for in-plane magnetization is lifted for axial magnetization, as shown in 

Figure 5, bringing about the dominant positive contribution to the enormous MAE of ~120 

meV. Similarly, the existence of a partially occupied quasi-degenerate state at EF has been 

shown to favor the formation of a large magnetic anisotropy in an Ir–Co dimer supported on 

an ideal graphene layer 13. 

The giant MAE of ~120 meV corresponds to the blocking temperature of 34 K based on Néel’s 

theory 50. 

It is noteworthy that the Fe–Mn dimers with the high MAE are expected to be stable in their 

GS configurations in the vacancy defects (Table S17 and Figure S70), as also shown by the 

phonon frequency calculations (Table S18) and the calculated Gibbs energy 70 of –1.36 eV at 

373 K. 
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Figure 4 a) Top and b) side view of spin densities plotted at ±0.01 e–Å-3 isovalues for Fe@Mn 

(displayed in green/cyan for spin densities corresponding to positive/negative magnetic 

moments) and ±0.001 e–Å-3 (shown in blue/red) for DV-graphene for the system of two Fe—

Mn dimers bound to separate DV defects. c) Side view of the corresponding structure. Gray, 

purple and ochre colors represent carbon, manganese and iron atoms, respectively.  
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Figure 5 Relativistic partial atom/orbital-resolved densities of states for two Fe—Mn dimers 

bound to separate DV defects (Figure 4) for in-plane (solid lines) and perpendicular 

magnetization (dashed lines). a) Mn atoms and b) Fe atoms.  

 

4) TM doping of N-decorated Defective Graphene  

The presence of N atoms at the edges of the defects in the graphene layer (Figure S71) led to 

higher binding energies of TM@NSV and TM@NDV, smaller TM–C/N distances and higher 

charge transfers in comparison with TM@SV and TM@DV (Table S19). Magnetic moments 

of TM atoms in TM@NSV and TM@NDV can either increase or decrease depending on the 

system and they varied in the range 0.3–1.9 µB (Table S19 and Table S20). The lower spin 

state of Fe@NDV compared to Fe@DV is in line with experimental observations 20. In general, 

N-impurities act as n-dopants and shift the density of states towards lower energies 

(Figures S72-S77). This also led to the semiconductor (Cr@SV and Mn@SV) to metal 

transition (Cr@NSV and Mn@NSV), half-metal (Fe@SV) to semiconductor transition 

(Fe@NSV) and metal (Mn@DV and Fe@DV) to semiconductor transition (Mn@NDV and 

Fe@NDV), Table S21. No significant changes of MAE (by 0.1–1.8 meV) were observed as 

compared to TM@DV and TM@SV. The magnetic force theorem revealed much higher MAE 

than the fully self-consistent calculations (Table S19), which indicates that MAE of atom-sized 

magnets calculated as the difference in the band energies at a fixed potential and charge density 
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should be validated against MAE calculated as the difference in the total energies from self-

consistent calculations for different orientations of the magnetic moments. 

The mixed element dopants, TM1TM2@NSV and TM1TM2@NDV, showed a reversed stability 

trend as compared with pristine analogs, i.e., the TM1TM2@NDV possessed lower binding 

energies than TM1TM2@NSV (Table S22). Their magnetic moments increased due to the 

combination of individual TM atoms ranging between 2.6–8.7 µB (Table S22). The lowest-in-

energy structures of single and double vacancies demonstrated half-metallic DOS 

(Figures S78 and S79, Table S21). 

The FeMn@NSV system, with the largest magnetic moment of 8.7 µB, exhibited the biggest 

MAE (5.2 meV) among the TM1TM2@NSV and TM1TM2@NDV systems (with the MAE in 

the sub-meV range or about 1 meV) with an eight-fold increase of MAE in comparison to 

TM@NSV and TM@NDV (Table S22 and Table S23), due to the favorable graphene-

mediated coupling between TM atoms doping graphene (see above). However, the presence of 

nitrogen led to the significantly smaller values of MAE comparing to TM1TM2@SV and 

TM1TM2@DV, i.e., 5.2 vs. 16.0 meV.  

Finally, the formation of upright dimers TM2@TM1@NSV and TM2@TM1@NDV were 

energetically favorable (Table S24). The lowest-in-energy structure of single and double 

vacancies showed metallic and half-metallic states (Figures S80-S81, Table S21), differing 

from the pristine analogs. The MAE was lower than for the corresponding dimers bound to the 

pristine vacancy defects, except Cr@Cr@NSV, which possess MAE of –17.6 meV (Table S24 

and Table S25).  

Conclusion 

In this work, we theoretically examined the stability as well as the electronic and magnetic 

properties of TM atoms and dimers of the elements Cr, Mn and Fe bound to graphene single 

or double vacancies. We studied the dependence of magnetic anisotropy energy (MAE) on (i) 

the distances between the TM atoms within the monolayer graphene, (ii) co-doping of graphene 

with two atoms of the same and different elements, (iii) formation of upright TM dimers, both 

homo- and hetero-atomic and, finally, (iv) the presence of nitrogen atoms within the vacancy 

defects.  

While the MAE of TM single atoms in defective graphene did not exceed 2 meV, the binding 

of a second TM atom to another defect in the graphene lattice led to the significant increase of 

MAE to –23 meV for CrFe@DV and a remarkably high value of 119.7 meV for two upright 



 23 

Fe–Mn dimers bound to two separate DVs, with the easy plane and perpendicular easy axis, 

respectively. This giant MAE corresponds to the blocking temperature of 34 K. The origin of 

the greatly enhanced MAE can be sought in graphene-mediated coupling due to the RKKY-

like super-exchange interactions between TM-dopants that modifies the occupations of states 

near EF, such that a changed splitting of energy bands that were degenerate in absence of spin-

orbit interaction lowers the total energy. Specifically, the presence of partially occupied 

degenerate states at EF favors the formation of a giant MAE, which appears to be a general 

feature of the mechanism favoring the large MAE formation  5.  It is worth noticing that the 

value and even the sign of MAE as well as the electronic DOS are sensitive to both the 

distribution of TM atoms in the graphene lattice and composition of the graphene-doping 

atoms.  

Finally, we provided the atomic-scale observation of a Mn substitution in graphene, including 

a spectroscopic measurement of its L-edge core energy-loss white-line intensity ratio. Mn 

dopants bonded to four carbon atoms may create spots for the Fe—Mn dimers formation.  

The conductive TM-doped graphene with robust magnetic features offers new vista to the 

design of graphene-based spintronic devices. For practical applications of TM-doped graphene, 

the carbon sheet must be deposited on a solid substrate. It remains to be studied the effect of 

substrates on the MAE of TM atoms and dimers anchored by the defects in graphene. 
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 S2 

 

Figure S1 Density of state plots of a) SV, b) Cr@SV, c) Mn@SV, d) Fe@SV, e) DV 

f) Cr@DV, g) Mn@DV, h) Fe@DV. The blue bars depict the bandgaps. 

 

 

Figure S2 Side-view of a) Cr@SV, b) Mn@SV, c) Fe@SV, d) Cr@DV, e) Mn@DV, 

f) Fe@DV. 

 

 

Figure S3 The finite model of defective graphene, a) TM@SV, b) TM@DV and 

c) TM2@TM1@DV. Carbon atoms are in gray, hydrogen atoms are in pink and TM atoms are 

in blue/purple/ochre.  
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Table S1 The binding energy Ebind (eV), TM–C distance (Å), partial charge (e) and electronic 

configuration of TM@SV, TM@DV and TM2@TM1@DV in the oxidation state II. 

System (II) TM–C Charge 
Electronic configuration of 

TM@S(D)V 

Electronic 

configuration 

of TM 

Cr@SV 1.90 0.59 
[core] 4s(0.19) 3d(5.10) 4p(0.18) 

4d(0.01) 

[core] 4s(1.00) 

3d(5.00) 

Mn@SV 1.84 0.99 
[core] 4s(0.23) 3d(5.69) 4p(0.12) 

4d(0.01) 

[core] 4s(1.00) 

3d(5.00) 

Fe@SV 1.79 0.63 [core] 4s(0.21) 3d(7.06) 4p(0.13) 
[core] 4s(2.00) 

3d(6.00) 

Cr@DV 1.99 0.58 
[core] 4s(0.24) 3d(4.94) 4p(0.27) 

4d(0.01) 

[core] 4s(1.00) 

3d(5.00) 

Mn@DV 1.99 0.83 [core] 4s(0.26) 3d(5.71) 4p(0.23) 
[core] 4s(1.00) 

3d(5.00) 

Fe@DV 1.94 0.71 [core] 4s(0.27) 3d(6.82) 4p(0.22) 
[core] 4s(2.00) 

3d(6.00) 

Fe@Mn@DV 1.98 

0.38 

(Mn) 

1.00 

(Fe) 

[core] 4s(0.38) 3d(5.55) 4p(0.79) 

4d(0.03) 4f(0.02) (Mn) 

[core] 4s(0.06) 3d(7.07) 4p(0.10) 

4d(0.01) 4f(0.01) (Fe) 

[core] 4s(1.00) 

3d(5.00) (Mn) 

[core] 4s(2.00) 

3d(6.00) (Fe) 
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Table S2 The binding energy Ebind (eV), TM–C distance (Å), partial charge (e) and electronic 

configuration of TM@SV, TM@DV and TM2@TM1@DV in the oxidation state III. 

System (III) TM–C Charge 
Electronic configuration of 

TM@S(D)V 

Electronic 

configuration 

of TM 

Cr@SV 1.90 0.71 
[core] 4s(0.18) 3d(4.99) 

4p(0.17) 4d(0.01) 

[core] 4s(1.00) 

3d(5.00) 

Mn@SV 1.83 0.71 
[core] 4s(0.20) 3d(6.01) 

4p(0.13) 

[core] 4s(1.00) 

3d(5.00) 

Fe@SV 1.82 0.84 
[core] 4s(0.21) 3d(6.84) 

4p(0.14) 

[core] 4s(2.00) 

3d(6.00) 

Cr@DV 2.01 0.69 
[core] 4s(0.22) 3d(4.85) 

4p(0.27) 4d(0.01) 

[core] 4s(1.00) 

3d(5.00) 

Mn@DV 1.98 0.94 
[core] 4s(0.26) 3d(5.60) 

4p(0.23) 

[core] 4s(1.00) 

3d(5.00) 

Fe@DV 1.93 0.94 
[core] 4s(0.27) 3d(6.55) 

4p(0.27) 

[core] 4s(2.00) 

3d(6.00) 

Fe@Mn@DV 1.98 

0.15 

(Mn) 

0.78 

(Fe) 

[core] 4s(0.41) 3d(5.74) 

4p(0.72) 4d(0.01) (Mn) 

[core]4s(0.65) 3d(6.57) 

4p(0.03) 

[core] 4s(1.00) 

3d(5.00) (Mn) 

[core] 4s(2.00) 

3d(6.00) (Fe) 

 

Table S3 The bandgaps (eV) of spin-up (spin-down) channel of TM@SV and TM@DV. 

 Cr@SV Mn@SV Fe@SV Cr@DV Mn@DV Fe@DV 

Present 0.2 (0.3) 0.2 (0.3) 0.0 (0.2) 0.3 (0.3) 0.0 (0.0) 0.0 (0.0) 

Literature           

17, 19, 22, 23, 26
 

0.2 (0.2), 

0.0 (0.0) 
0.0 (0.0) 0.0 (0.2)  0.5 (0.7) - - 
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Figure S4 Scheme showing the coupling of eigenstates with energies above and below 

Fermi energy through spin-orbit interaction, which favors either perpendicular or in-plane 

magnetization, depending on the spins and symmetries of the interacting states. For the 

five d states (per spin), in-plane magnetization is favored if the Fermi level (EF) is located 

between even ml = 0, ±2 and odd ml = ±1 states of the same spin, or between even or odd 

states of opposite spin. A perpendicular magnetization is favored if EF is located between 

even (or odd) and odd (or even) states with opposite spins. 
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Figure S5 Atom/orbital decomposed DOS of Cr@SV. a, b) transition metal, c) nearest 

carbon atoms, d) other carbon atoms. 

 

 

Figure S6 Atom/orbital decomposed DOS of Mn@SV. Cf. Figure S5. 
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Figure S7 Atom/orbital decomposed DOS of Fe@SV. Cf. Figure S5. 

 

 

Figure S8 Atom/orbital decomposed of DOS Cr@DV. Cf. Figure S5. 

 



 S8 

 

Figure S9 Atom/orbital decomposed DOS of Mn@DV. Cf. Figure S5. 

 

Figure S10 Atom/orbital decomposed DOS of Fe@DV. Cf. Figure S5. 
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Table S4 Total spin moments µs_tot, local spin moments µs_loc and orbital moments µl (all in 

µB) oriented along the “x”, and “z” magnetization axes and their anisotropies (Δ) for TM@SV 

and TM@DV shown in Figure 1 and Figure S2. 

system µs_tot (x) µs_loc (x) µl (x) µs_tot (z) µs_loc (z) µl (z) µs_tot (Δ) µs_loc(Δ) µl (Δ) 

Cr@SV 1.00 1.04 0.01 1.00 1.04 0.01 0.00 0.00 0.00 

Mn@SV 1.50 1.33 0.00 1.50 1.33 0.01 0.00 0.00 -0.01 

Fe@SV 0.94 0.93 0.02 0.94 0.93 0.12 0.00 0.00 -0.10 

Cr@DV 1.00 1.00 0.03 1.00 1.00 0.01 0.00 0.00 0.02 

Mn@DV 1.65 1.57 0.00 1.65 1.57 0.00 0.00 0.00 0.00 

Fe@DV 1.61 1.52 0.04 1.61 1.52 0.05 0.00 0.00 -0.01 

 

Table S5 Distance between Mn atoms and Mn and Si atoms (Å), total magnetic moment µtot 

(µB), magnetic moment on Mn µMn1 (µB), and magnetic moment on the second adatom (Mn 

or Si) 𝜇Mn2/𝜇Si (µB) of Mn1Mn2@SV and/or Mn1Si@SV. 

system distance 𝝁tot 𝝁Mn1 𝝁Mn2 / 𝝁Si 

Mn1Si@SV 

(Figure S11-a) 
4.00 3.00 2.50 0.00 

Mn1Mn2@SV 

(Figure S12-20) 
3.87 6.00 2.92 2.92 

Mn1Si@SV 

(Figure S11-b) 
6.64 3.00 2.49 0.01 

Mn1Mn2@SV 

(Figure S12-3) 
6.54 6.00 2.90 2.90 
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Table S6 Distance between Mn atoms and Mn and Si atoms (Å), total magnetic moment µtot 

(µB), magnetic moment on Mn µMn1 (µB), and magnetic moment on the second adatom (Mn 

or Si) 𝜇Mn2/𝜇Si (µB) for Mn1Mn2@DV and/or Mn1Si@DV. 

system distance 𝝁tot 𝝁Mn1 𝝁Mn2 / 𝝁Si 

Mn1Si@DV 

(Figure S11-c) 
5.77 3.00 3.05 0.01 

Mn1Mn2@DV 

(Figure S13-2) 
5.77 8.00 3.68 3.70 

Mn2Si@SV 

(Figure S11-d) 
9.68 3.45 3.42 -0.02 

Mn1Mn2@DV 

(Figure S13-6) 
9.70 7.40 3.75 3.63 

 

 

 

Figure S11 Density of state plots of a,b) Mn1Si@SV and c,d) Mn1Si@DV. 
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Figure S12 Scheme depicting the manipulation of a TM-atom in SV-graphene 

(TM1TM2@SV) to monitor changes of properties depending on the distance between TM-

atoms. 

 

 

Figure S13 Scheme depicting the manipulation of a TM-atom in DV-graphene 

(TM1TM2@DV) to monitor changes of properties depending on the distance between the 

TM-atoms. 
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Table S7 The binding energy E
bind

 (eV), TM–TM distance (Å), total magnetic moment µtot 

(µB), magnetic moment of TM µTM (µB), and MAE (meV) of TM1TM2@SV. Structures 

correspond to Figure S12. 

structure 19 20 1 2 3 4 

CrCr@SV 

Ebind -11.11 -10.03 -11.60 -10.82 -11.21 

-11.11 

(AFM), 

-11.01 

Cr–Cr 2.73 4.05 5.05 5.90 6.59 7.96 

𝝁tot 4.02 4.37 4.00 4.72 4.00 
0.00 (AFM), 

4.34 

𝝁TM 2.63 2.64 2.60 2.69 2.60 

±2.64 

(AFM), 

2.62 

MAE 0.10 -0.18 -0.14 -0.54 -0.20 
0.36 (AFM), 

-0.24 

MnMn@SV 

Ebind -8.50 

-11.83, 

(AFM) 

-11.76 

-10.56, 

(AFM) 

-10.49 

-8.47 -9.81 -10.06 

Mn–Mn 2.45 3.87 4.44 5.96 6.54 7.96 

𝝁tot 4.00 
0.00 (AFM), 

6.00 

0.00 (AFM), 

6.00 
5.76 6.00 5.88 

𝝁TM 2.57 
±2.92 

(AFM), 2.92 

±2.85 

(AFM), 2.90 
2.56 2.90 2.89 

MAE -0.02 
-0.9 (AFM), 

-0.35 

-0.50 

(AFM), 

-0.48 

-0.40 -0.48 -0.47 

FeFe@SV 

Ebind -12.49 -11.36 -10.49 -7.47 -5.29 -9.69 
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(AFM), 

-11.26 

Fe–Fe 2.73 3.33 4.34 5.96 6.65 7.99 

𝝁tot 4.00 
0.00 (AFM), 

3.92 
6.00 2.52 2.61 3.64 

𝝁TM 2.32 
±1.75 

(AFM), 1.84 
2.90 1.36 1.35 1.77 

MAE -0.59 
0.53 (AFM), 

-0.14 
-0.25 0.01 -0.21 0.20 
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Table S8 The binding energy E
bind

 (eV), TM–TM distance (Å), total magnetic moment µtot 

(µB), magnetic moment of TM µTM (µB), and MAE (meV) of TM1TM2@DV. Structures 

correspond to Figure S13. 

structure 1 2 3 4 5 6 

CrCr@DV 

Ebind -11.29 -11.53 -11.00 
-11.57 (AFM), 

-11.54 
-10.96 -11.26 

Cr–Cr 4.38 5.47 6.57 7.59 8.58 9.71 

𝝁tot 6.06 6.17 8.00 0.00 (AFM), 8.00 8.00 8.00 

𝝁TM 3.10 2.88 3.19 ±3.22 (AFM), 3.18 3.17 3.21 

MAE 0.95 0.60 0.94 1.6 (AFM), 0.58 0.96 0.57 

MnMn@DV 

Ebind -13.67 -14.46 -13.72 -14.79 -13.83 -13.54 

Mn–Mn 4.32 5.77 6.53 7.59 8.54 9.70 

𝝁tot 8.00 8.00 7.28 8.00 8.06 7.40 

𝝁TM 3.74 3.70 3.68 3.68 3.70 3.63 

MAE 1.26 1.29 1.34 1.37 1.10 1.35 

FeFe@DV  

Ebind -13.18 -12.98 -14.49 
-16.02 (AFM),  

-15.99 
-15.63 -16.08 

Fe–Fe 4.34 5.78 6.50 7.54 8.52 9.67 

𝝁tot 5.81 6.21 5.55 0.00 (AFM), 6.00 6.87 6.00 

𝝁TM 2.83 2.91 3.14 ±3.11 (AFM), 3.00 3.22 3.10 

MAE -0.46 0.42 -0.22 1.48 (AFM), 0.84 0.15 0.88 
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Figure S14 Atom/orbital decomposed DOS of CrCr@SV (Cf. Figure S12-1). a) total DOS, 

b,c) Cr1 atom, d,e) Cr2 atom, f) nearest carbon atoms to Cr1, g) nearest carbon atoms to Cr2, 

h) other carbon atoms, i) spin-polarized structure. 

 

Figure S15 Atom/orbital decomposed DOS of CrCr@SV (Cf. Figure S12-3). a) total DOS, 

b,c) Cr1 atom, d,e) Cr2 atom, f) nearest carbon atoms to Cr1, g) nearest carbon atoms to Cr2, 

h) other carbon atoms, i) spin-polarized structure. 
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Figure S16 Atom/orbital decomposed DOS of CrCr@SV (Cf. Figure S12-4). a) total DOS, 

b,c) Cr1 atom, d,e) Cr2 atom, f) nearest carbon atoms to Cr1, g) nearest carbon atoms to Cr2, 

h) other carbon atoms, i) spin-polarized structure. 

 

Figure S17 Atom/orbital decomposed DOS of CrCr@SV, AFM alignment (Cf. Figure S12-

4). a) total DOS, b,c) Cr1 atom, d,e) Cr2 atom, f) nearest carbon atoms to Cr1, g) nearest 

carbon atoms to Cr2, h) other carbon atoms, i) spin-polarized structure. 
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Figure S18 Atom/orbital decomposed DOS of MnMn@SV (Cf. Figure S12-20). a) total 

DOS, b,c) Mn1 atom, d,e) Mn2 atom, f) nearest carbon atoms to Mn1, g) nearest carbon atoms 

to Mn2, h) other carbon atoms, i) spin-polarized structure. 

 
 

Figure S19 Atom/orbital decomposed DOS of MnMn@SV, AFM alignment (Cf. 

Figure S12-20). a) total DOS, b,c) Mn1 atom, d,e) Mn2 atom, f) nearest carbon atoms to 

Mn1, g) nearest carbon atoms to Mn2, h) other carbon atoms, i) spin-polarized structure. 
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Figure S20 Atom/orbital decomposed DOS of MnMn@SV (Cf. Figure S12-1). a) total 

DOS, b,c) Mn1 atom, d,e) Mn2 atom, f) nearest carbon atoms to Mn1, g) nearest carbon atoms 

to Mn2, h) other carbon atoms, i) spin-polarized structure. 

 

Figure S21 Atom/orbital decomposed DOS of FeFe@SV (Cf. Figure S12-19). a) total DOS, 

b,c) Fe1 atom, d,e) Fe2 atom, f) nearest carbon atoms to Fe1, g) nearest carbon atoms to Fe2, 

h) other carbon atoms, i) spin-polarized structure. 
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Figure S22 Atom/orbital decomposed DOS of FeFe@SV (Cf. Figure S12-20). a) total DOS, 

b,c) Fe1 atom, d,e) Fe2 atom, f) nearest carbon atoms to Fe1, g) nearest carbon atoms to Fe2, 

h) other carbon atoms, i) spin-polarized structure. 

 

Figure S23 Atom/orbital decomposed DOS of FeFe@SV, AFM alignment (Cf. Figure S12-

20). a) total DOS, b,c) Fe1 atom, d,e) Fe2 atom, f) nearest carbon atoms to Fe1, g) nearest 

carbon atoms to Fe2, h) other carbon atoms, i) spin-polarized structure. 
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Table S9 The comparison of spin-up (spin-down) bandgaps (eV) of TM@SV, TM@DV and 

TM1TM2@SV, TM1TM2@DV. 

system bandgap 

Cr@SV 0.2 (0.3) 

CrCr@SV-structure 1 0.5 (0.3) 

CrCr@SV-structure 3 0.5 (0.3) 

CrCr@SV-structure 4 0.0 (0.0) 

CrCr@SV-structure 4 (AFM) 0.3 (0.3) 

Mn@SV 0.2 (0.3) 

MnMn@SV-structure 20 0.0 (0.0) 

MnMn@SV-structure 20 (AFM) 0.1 (0.1) 

MnMn@SV-structure 1 0.1 (0.2) 

Fe@SV 0.0 (0.2) 

FeFe@SV-structure 19 0.1 (0.1) 

FeFe@SV-structure 20 0.0 (0.0) 

FeFe@SV-structure 20 (AFM) 0.2 (0.2) 

Cr@DV 0.3 (0.3) 

CrCr@DV-structure 4 0.1 (0.0) 

CrCr@DV-structure 4 (AFM) 0.0 (0.2) 

CrCr@DV-structure 2 0.0 (0.0) 

Mn@DV 0.0 (0.0) 

MnMn@DV-structure 4 0.3 (0.1) 

MnMn@DV-structure 2 0.3 (0.0) 

Fe@DV 0.0 (0.0) 

FeFe@DV-structure 6 0.2 (0.0) 

FeFe@DV-structure 4 0.3 (0.0) 

FeFe@DV-structure 4 (AFM) 0.1 (0.1) 
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Figure S24 Atom/orbital decomposed DOS of CrCr@DV (Figure S13-4). a) total DOS, 

b,c) Cr1 atom, d,e) Cr2 atom, f) nearest carbon atoms to Cr1, g) nearest carbon atoms to Cr2, 

h) other carbon atoms, i) spin-polarized structure. 

 

Figure S25 Atom/orbital decomposed DOS of CrCr@DV (Figure S13-2). a) total DOS, 

b,c) Cr1 atom, d,e) Cr2 atom, f) nearest carbon atoms to Cr1, g) nearest carbon atoms to Cr2, 

h) other carbon atoms, i) spin-polarized structure. 
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Figure S26 Atom/orbital decomposed DOS of CrCr@DV, AFM alignment (Figure S13-4). 

a) total DOS, b,c) Cr1 atom, d,e) Cr2 atom, f) nearest carbon atoms to Cr1, g) nearest carbon 

atoms to Cr2, h) other carbon atoms, i) spin-polarized structure. 

 

Figure S27 Atom/orbital decomposed DOS of MnMn@DV (Figure S13-4). a) total DOS, 

b,c) Mn1 atom, d,e) Mn2 atom, f) nearest carbon atoms to Mn1, g) nearest carbon atoms to 

Mn2, h) other carbon atoms, i) spin-polarized structure. 
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Figure S28 Atom/orbital decomposed DOS of MnMn@DV (Figure S13-2). a) total DOS, 

b,c) Mn1 atom, d,e) Mn2 atom, f) nearest carbon atoms to Mn1, g) nearest carbon atoms to 

Mn2, h) other carbon atoms, i) spin-polarized structure. 

 

Figure S29 Atom/orbital decomposed DOS of FeFe@DV (Figure S13-6). a) total DOS, 

b,c) Fe1 atom, d,e) Fe2 atom, f) nearest carbon atoms to Fe1, g) nearest carbon atoms to Fe2, 

h) other carbon atoms, i) spin-polarized structure. 
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Figure S30 Atom/orbital decomposed DOS of FeFe@DV (Figure S13-4). a) total DOS, 

b,c) Fe1 atom, d,e) Fe2 atom, f) nearest carbon atoms to Fe1, g) nearest carbon atoms to Fe2, 

h) other carbon atoms, i) spin-polarized structure. 

 

Figure S31 Atom/orbital decomposed DOS of FeFe@DV, AFM alignment (Figure S13-4). 

a) total DOS, b,c) Fe1 atom, d,e) Fe2 atom, f) nearest carbon atoms to Fe1, g) nearest carbon 

atoms to Fe2, h) other carbon atoms, i) spin-polarized structure. 
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Table S10 Total spin moments µs_tot, local spin moments µs_loc and orbital moments µl (all in 

µB) oriented along the “x”, and “z” magnetization axes and their anisotropy (Δ) for 

TM1TM2@SV and TM1TM2@DV shown in Figures S32-S38. 

system µs_tot (x) µs_loc (x) µl (x) µs_tot (z) µs_loc (z) µl (z) µs_tot (Δ) µs_loc(Δ) µl (Δ) 

CrFe@SV 1.49 1.64 0.06 1.51 1.66 0.13 -0.03 -0.03 -0.07 

CrMn@SV 2.50 2.36 0.01 2.50 2.36 0.00 0.00 0.00 0.01 

FeMn@SV 1.83 1.80 0.07 1.83 1.80 0.04 0.00 0.00 0.03 

CrFe@DV 

(AFM) 
0.05 0.05 0.00 0.03 0.03 0.00 0.02 0.02 0.00 

CrFe@DV 3.00 2.76 0.02 3.00 2.76 0.02 0.00 0.00 0.00 

CrMn@DV 2.62 2.55 0.03 2.62 2.55 0.02 0.00 0.00 0.01 

FeMn@DV 1.85 1.75 0.04 2.04 1.89 0.05 -0.20 -0.14 -0.02 

    

Table S11 The spin-up (spin-down) bandgaps of TM1TM2@SV, TM1TM2@DV.  

system bandgap 

CrFe@SV 0.1 (0.3) 

CrMn@SV 0.2 (0.3) 

FeMn@SV 0.0 (0.0) 

CrFe@DV 0.3 (0.2) 

CrFe@DV (AFM) 0.3 (0.2) 

CrMn@DV 0.0 (0.5) 

FeMn@DV 0.0 (0.0) 
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Figure S32 Atom/orbital decomposed DOS of CrFe@SV. a) total DOS, b,c) Cr atom, 

d,e) Fe atom, f) nearest carbon atoms to Cr, g) nearest carbon atoms to Fe, h) other carbon 

atoms, i) spin-polarized structure. 

 

Figure S33 Atom/orbital decomposed DOS of CrMn@SV. a) total DOS, b,c) Cr atom, 

d,e) Mn atom, f) nearest carbon atoms to Cr, g) nearest carbon atoms to Mn, h) other carbon 

atoms, i) spin-polarized structure.    
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Figure S34 Atom/orbital decomposed DOS of FeMn@SV. a) total DOS, b,c) Fe atom, 

d,e) Mn atom, f) nearest carbon atoms to Fe, g) nearest carbon atoms to Mn, h) other carbon 

atoms, i) spin-polarized structure. 

 

Figure S35 Atom/orbital decomposed DOS of CrFe@DV. a) total DOS, b,c) Cr atom, 

d,e) Fe atom, f) nearest carbon atoms to Cr, g) nearest carbon atoms to Fe, h) other carbon 

atoms, i) spin-polarized structure. 
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Figure S36 Atom/orbital decomposed DOS of CrFe@DV, AFM alignment. a) total DOS, 

b,c) Cr atom, d,e) Fe atom, f) nearest carbon atoms to Cr, g) nearest carbon atoms to Fe, 

h) other carbon atoms, i) spin-polarized structure. 

 

Figure S37 Atom/orbital decomposed DOS of CrMn@DV. a) total DOS, b,c) Cr atom, 

d,e) Mn atom, f) nearest carbon atoms to Cr, g) nearest carbon atoms to Mn, h) other carbon 

atoms, i) spin-polarized structure. 
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Figure S38 Atom/orbital decomposed DOS of FeMn@DV. a) total DOS, b,c) Fe atom, 

d,e) Mn atom, f) nearest carbon atoms to Fe, g) nearest carbon atoms to Mn, h) other carbon 

atoms, i) spin-polarized structure. 

 

Figure S39 Relativistic partial atom/orbital-resolved densities of states (PDOS) for 

CrFe@DV for in-plane (solid lines) and perpendicular magnetization (dashed lines). a) Cr 

atom and b) Fe atom.  
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Figure S40 The zoomed partial atom/orbital contribution of CrFe@DV. a) Cr atom and b) Fe 

atom. Full lines denote in-plane magnetization, dashed lines denote perpendicular 

magnetization. 

 

 

 

Figure S41 Relativistic partial atom/orbital-resolved densities of states for CrMn@DV for 

in-plane (solid lines) and perpendicular magnetization (dashed lines). a) Cr atom and b) Mn 

atom.  
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Figure S42 The zoomed partial atom/orbital contribution of CrMn@DV. a) Cr atom and 

b) Mn atom. Full lines denote in-plane magnetization, dashed lines denote perpendicular 

magnetization. 

 

 

Figure S43 Relativistic partial atom/orbital-resolved densities of states for FeMn@DV for 

in-plane (solid lines) and perpendicular magnetization (dashed lines). a) Fe atom and b) Mn 

atom.  
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Figure S44 The zoomed partial atom/orbital contribution of FeMn@DV. a) Fe atom and 

b) Mn atom. Full lines denote in-plane magnetization, dashed lines denote perpendicular 

magnetization. 

 

 

Figure S45 a) Top and b) side view of spin densities for the system of Cr and Fe atoms 

bound to separate DV defects plotted at ±0.01 e
–
Å

-3
 isovalues for Cr and Fe (displayed in 

green/cyan for spin densities corresponding to positive/negative magnetic moments) and 

±0.001 e
–
Å

-3
 (shown in blue/red) for DV-graphene. 
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Figure S46 a) Top and b) side view of spin densities for the system of Cr and Mn atoms 

bound to separate DV defects plotted at ±0.01 e
–
Å

-3
 isovalues for Cr and Mn (displayed in 

green/cyan for spin densities corresponding to positive/negative magnetic moments) and 

±0.001 e
–
Å

-3
 (shown in blue/red) for DV-graphene. 

 

Figure S47 a) Top and b) side view of spin densities for the system of Fe and Mn atoms 

bound to separate DV defects plotted at ±0.01 e
–
Å

-3
 isovalues for Fe and Mn (displayed in 

green/cyan for spin densities corresponding to positive/negative magnetic moments) and 

±0.001 e
–
Å

-3
 (shown in blue/red) for DV-graphene. 
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Figure S48 Variation in the calculated total energies (in black) and magnetic moments (in 

blue) with the distance between TM atoms in the CrFe@DV system. 

 

Table S12 Barrier for diffusion (in eV) of the TM atom (TM1 in a and TM2 in b) from the 

vacancy center. The label corresponds to the position of the adsorbed TM atom in 

Figure S49. 

system a b c d e f 

CrFe@DV (a) 4.12 4.60 4.70 4.55 3.97 5.01 

CrFe@DV (b) 5.22 4.84 4.80 4.51 4.39 7.51 

CrMn@DV (a) 4.50 6.25 3.28 5.77 3.36 3.48 

CrMn@DV (b) 2.85 2.95 3.06 3.03 3.11 3.19 

FeMn@DV (a) 4.23 5.34 5.13 4.75 5.19 4.63 

FeMn@DV (b) 4.26 5.38 5.02 4.83 5.29 4.78 
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Figure S49 Scheme showing a diffusion of the TM atom, TM1 in a) and TM2 in b), from 

vacancy center. The label corresponds to the diffusion energy of the TM atom gathered in 

Table S12. 

 

Table S13 The binding energy Ebind (eV), TM1–TM2 distance (Å), total magnetic moment µtot 

(µB), magnetic moments of TM1 and TM2 µTM1
, µTM2

 (µB), and MAE(TE) (in meV per 

computational cell) of TM atoms doped into both defect types (Figure S50). 

system Ebind TM1–TM2 µtot µTM1
, µTM2

 MAE(TE) 

Cr1Cr2@SVDV (a) -11.85 7.84 4.00 2.58, 2.61 0.09 

Cr1Cr2@SVDV (b) -12.04 9.41 4.00 2.61. 2.48 8.12 

CrFe@SVDV (c) -12.73 7.84 4.00 2.63, 1.67 1.60 

CrFe@SVDV (d) -12.93 9.49 4.00 2.62, 1.63 1.25 
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Figure S50 Structure and density of states (DOS) for a system of two TM atoms, one 

embedded into SV and the other into DV defect (cf. Table S13). Spin densities 

corresponding to positive/negative magnetic moments are displayed in blue/red at an 

isosurface value of ±0.01 e
–
Å-3.  
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Figure S51 Atom/orbital decomposed DOS of Cr@Cr@SV. a) total DOS, b,c) Cr atom, 

d,e) Cr atom, f) nearest carbon atoms, g) other carbon atoms, h) spin-polarized structure. 

 

 

Figure S52 Atom/orbital decomposed DOS of Fe@Cr@SV. a) total DOS, b,c) Cr atom, 

d,e) Fe atom, f) nearest carbon atoms, g) other carbon atoms, h) spin-polarized structure. 
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Figure S53 Atom/orbital decomposed DOS of Mn@Cr@SV. a) total DOS, b,c) Cr atom, 

d,e) Mn atom, f) nearest carbon atoms, g) other carbon atoms, h) spin-polarized structure. 

 

 

Figure S54 Atom/orbital decomposed DOS of Fe@Fe@SV. a) total DOS, b,c) Fe atom, 

d,e) Fe atom, f) nearest carbon atoms, g) other carbon atoms, h) spin-polarized structure. 
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Figure S55 Atom/orbital decomposed DOS of Fe@Mn@SV. a) total DOS, b,c) Mn atom, 

d,e) Fe atom, f) nearest carbon atoms, g) other carbon atoms, h) spin-polarized structure. 

 

 

Figure S56 Atom/orbital decomposed DOS of Mn@Mn@SV. a) total DOS, b,c) Mn atom, 

d,e) Mn atom, f) nearest carbon atoms, g) other carbon atoms, h) spin-polarized structure. 
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Figure S57 Atom/orbital decomposed DOS of Cr@Cr@DV. a) total DOS, b,c) Cr atom, 

d,e) Cr atom, f) nearest carbon atoms, g) other carbon atoms, h) spin-polarized structure. 

 

 

Figure S58 Atom/orbital decomposed DOS of Fe@Cr@DV. a) total DOS, b,c) Cr atom, 

d,e) Fe atom, f) nearest carbon atoms, g) other carbon atoms, h) spin-polarized structure. 

 



 S41 

 

Figure S59 Atom/orbital decomposed DOS of Mn@Cr@DV. a) total DOS, b,c) Cr atom, 

d,e) Mn atom, f) nearest carbon atoms, g) other carbon atoms, h) spin-polarized structure. 

 

 

Figure S60 Atom/orbital decomposed DOS of Fe@Fe@DV. a) total DOS, b,c) Fe atom, 

d,e) Fe atom, f) nearest carbon atoms, g) other carbon atoms, h) spin-polarized structure. 
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Figure S61 Atom/orbital decomposed DOS of Fe@Mn@DV. a) total DOS, b,c) Mn atom, 

d,e) Fe atom, f) nearest carbon atoms, g) other carbon atoms, h) spin-polarized structure. 

 

 

Figure S62 Atom/orbital decomposed DOS of Mn@Mn@DV. a) total DOS, b,c) Mn atom, 

d,e) Mn atom, f) nearest carbon atoms, g) other carbon atoms, h) spin-polarized structure. 
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Table S14 The binding energy Ebind (eV) of a TM atom to graphene while the other TM atom 

binds to graphene on the other side, TM1–TM2 distance (Å), total magnetic moment µtot (µB), 

magnetic moments µTM1
, µTM2

 of TM1 and TM2 (µB), and MAE(TE) (per computational cell, in 

meV) (Figure S63). 

System Ebind TM1–TM2 µtot µTM1
, µTM2

 MAE(TE) 

FeMn@DV –6.66 2.18 2.51 2.10, 0.69 –0.71 

FeCr@SV –7.43 2.58 6.00 4.05, 1.61 –1.45 

FeFe@SV –8.02 2.46 4.00 1.21, 2.85 0.26 

MnMn@SV –6.78 2.61 6.00 3.16, 3,18 0.84 

 

 

 

Figure S63 Structures, spin densities and densities of states (DOS) of graphene with TM 

atoms binding to graphene, one above and one below the lattice. a) FeMn@DV, 

b) FeCr@SV, c) FeFe@SV, and d) MnMn@SV. 
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Table S15 Total spin moments µs_tot, local spin moments µs_loc and orbital moments µl (all in 

µB) oriented along the “x”, and “z” magnetization axes and their anisotropy (Δ) for 

TM2@TM1@SV and dimers TM2@TM1@DV depicted in Figures S51-S62. 

system µs_tot (x) µs_loc (x) µl (x) µs_tot (z) µs_loc (z) µl (z) µs_tot (Δ) µs_loc(Δ) µl (Δ) 

Cr@Cr@SV 1.72 1.65 0.05 1.72 1.65 0.04 0.00 0.00 0.02 

Fe@Cr@SV 1.68 1.74 0.02 1.65 1.70 0.04 0.03 0.05 -0.02 

Mn@Cr@SV 3.45 3.20 0.04 3.45 3.20 0.01 0.00 0.00 0.03 

Fe@Fe@SV 1.09 1.24 0.14 1.03 1.09 0.11 0.06 0.15 0.03 

Fe@Mn@SV 2.50 2.54 0.15 2.50 2.54 0.03 0.00 0.00 0.12 

Mn@Mn@SV 1.81 1.56 0.01 1.96 1.71 0.02 -0.16 -0.15 -0.01 

Cr@Cr@DV 3.00 2.61 0.02 3.00 2.61 0.00 0.00 0.00 0.02 

Fe@Cr@DV 2.00 1.89 0.13 2.00 1.89 0.02 0.00 0.00 0.11 

Mn@Cr@DV 1.50 1.20 0.02 1.50 1.20 0.03 0.00 0.00 -0.01 

Fe@Fe@DV 1.05 0.97 0.07 1.07 0.99 0.09 -0.02 -0.02 -0.02 

Fe@Mn@DV 0.50 0.38 0.77 0.50 0.37 0.83 0.00 0.01 -0.06 

Mn@Mn@DV 4.00 3.62 0.01 4.00 3.62 0.01 0.00 0.00 0.00 
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Table S16 The spin-up (spin-down) bandgaps (eV) of TM2@TM1@SV, TM2@TM1@DV.  

system bandgap 

Cr@Cr@SV 0.0 (0.0) 

Fe@Cr@SV 0.0 (0.0) 

Mn@Cr@SV 0.5 (0.1) 

Fe@Fe@SV 0.0 (0.0) 

Fe@Mn@SV 0.3 (0.2) 

Mn@Mn@SV 0.3 (0.3) 

Cr@Cr@DV 0.2 (0.2) 

Fe@Cr@DV 0.0 (0.0) 

Mn@Cr@DV 0.3 (0.1) 

Fe@Fe@DV 0.0 (0.4) 

Fe@Mn@DV 0.0 (0.0) 

Mn@Mn@DV 0.3 (0.3) 
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Figure S64 Relativistic partial atom/orbital-resolved densities of states for Mn@Mn@SV for 

in-plane (solid lines) and perpendicular magnetization (dashed lines). a) Mn1 atom and 

b) Mn2 atom. 

 

 Figure S65 The zoomed partial atom/orbital contribution of Mn@Mn@SV. a) Mn atom and 

b) Mn atom. Full lines denote in-plane magnetization, dashed lines denote perpendicular 

magnetization. 
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Figure S66 Relativistic partial atom/orbital-resolved densities of states for Fe@Fe@SV for 

in-plane (solid lines) and perpendicular magnetization (dashed lines). a) Fe atom and b) Fe 

atom. 

 

Figure S67 The zoomed partial atom/orbital contribution of Fe@Mn@DV. a) Mn atom and 

b) Fe atom. Full lines denote in-plane magnetization, dashed lines denote perpendicular 

magnetization. 

 



 S48 

 

Figure S68 Atom/orbital decomposed DOS for two Fe—Mn dimers bound to separate DV 

defects. a) Mn1 atom b) Fe1 atom, c) Mn2 atom, d) Fe2 atom. The inset shows the structural 

model and spin densities. 

 

Figure S69 Oscillations in the calculated total energies (in black) and magnetic moments (in 

blue) with the distance between TM atoms in the Fe@Mn@DV. 
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Table S17 Barrier for diffusion (in eV) of the Fe–Mn dimer from the vacancy center. The 

label corresponds to the position of the adsorbed dimer in Figure S70. 

system a b c d e f 

Fe@Mn@NSV (a) 5.10 5.86 7.10 8.52 8.45  

FeMn@DV (b) 7.55 5.82 7.10 5.26 5.88 8.16 

 

 

 

Figure S70 Scheme showing a diffusion of the Fe–Mn dimer from the vacancy center. The 

label corresponds to the diffusion energy of the dimer gathered in Table S17.  

a) Fe@Mn@NSV and b) Fe@Mn@DV. 
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Table S18 Last 6 frequencies of the Fe@Mn@DV system revealing imaginary frequencies 

only below 100 cm
-1

. 

Number of frequency Wavenumber (cm
-1

) Energy (meV) 

139 f 52.83 6.55 

140 f 1.24 0.15 

141 f/i 0.78 0.10 

142 f/i 1.32 0.16 

143 f/i 64.63 8.01 

144 f/i 81.16 10.06 
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Figure S71 a) TM@NSV, b) TM@NDV, c) TM1TM2@NSV, d) TM1TM2@NDV, 

e) TM2@TM1@NSV, f) TM2@TM1@NDV. Nitrogen atoms are in blue, carbon atoms in 

grey, TM atoms in orange/purple. 
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Table S19 The binding energy E
bind

 (eV), TM–N bond length (Å), total magnetic moment µtot 

(µB), magnetic moment of TM µTM (µB), magnetic moment of N atoms µN (µB), Bader 

charges of TM (e
–
), MAE(TE) and MAE(FT) (both in meV) of TM@NSV and TM@NDV 

(Figures S71a,b). 

system E
bind

 TM–N µtot  µTM µN Bader MAE(TE) MAE(FT) 

Cr@NSV -2.74 1.82 1.39 2.16 -0.06 1.20 0.10 -25.17 

Mn@NSV -2.40 1.79 0.97 0.90 -0.01 1.04 -0.30 -24.82 

Fe@NSV -3.33 1.76 3.00 3.02 0.05 1.01 0.62 10.88 

Cr@NDV -5.92 1.95 4.00 3.53 -0.05 1.25 0.10 -19.11 

Mn@NDV -6.05 1.91 3.00 3.07 -0.04 1.29 0.84 13.87 

Fe@NDV -6.95 1.89 2.00 1.97 -0.02 1.17  -0.28 5.57 

 

Table S20 Total spin moments µs_tot, local spin moments µs_loc and orbital moments µl (all in 

µB) oriented along the “x”, and “z” magnetization axes and their anisotropy (Δ) for 

TM@NSV and TM@NDV (Figures S71a,b). 

system µs_tot (x) µs_loc (x) µl (x) µs_tot (z) µs_loc (z) µl (z) µs_tot (Δ) µs_loc(Δ) µl (Δ) 

Cr@NSV 0.68 0.79 0.02 0.68 0.79 0.01 0.00 0.00 0.01 

Mn@NSV 0.49 0.43 0.04 0.49 0.43 0.00 0.00 0.00 0.04 

Fe@NSV 1.51 1.46 0.05 1.51 1.46 0.05 0.00 0.00 0.00 

Cr@NDV 0.68 0.79 0.02 0.68 0.79 0.01 0.00 0.00 0.01 

Mn@NDV 1.50 1.42 0.04 1.50 1.42 0.00 0.00 0.00 0.04 

Fe@NDV 1.00 0.95 0.10 1.00 0.95 0.03 0.00 0.00 0.07 
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Table S21 The spin-up (spin-down) bandgaps (eV) of TM@NSV, TM@NDV, 

TM1TM2@NSV, TM1TM2@NDV, TM2@TM1@NSV, TM2@TM1@NDV.  

system bandgap 

Cr@NSV 0.0 (0.0) 

Mn@NSV 0.0 (0.0) 

Fe@NSV 0.3 (0.3) 

Cr@NDV 0.3 (0.1) 

Mn@NDV 0.4 (0.3) 

Fe@NDV 0.2 (0.2) 

CrFe@NSV 0.0 (0.1) 

FeMn@NDV 0.0 (0.1) 

Fe@Mn@NSV 0.0 (0.0) 

Fe@Fe@NDV 0.0 (0.2) 

 

  



 S54 

Table 22 The binding energy E
bind

 (eV), TM1-TM2 distance (Å), total magnetic moment µtot 

(µB), magnetic moments of TM1 and TM2 µTM1, µTM2 (µB), and MAE(TE) and MAE(FT) (per 

computational cell, both in meV) of TM1TM2@NSV and TM1TM2@NDV (Figures S71c,d). 

Structure E
bind

 TM1-TM2 µtot µTM1, µTM2 MAE(TE) MAE(FT) 

CrFe@NSV -7.69 13.18 4.86 2.18, 3.09 0.73 0.43 

CrMn@NSV -6.13 12.84 2.58 2.20, 0.91 -0.21 -0.17 

FeMn@NSV -6.42 13.31 8.71 3.31, 4.14 5.18 0.57 

CrFe@NDV -12.88 12.95 6.00 3.50, 2.15 0.36 -32.10 

CrMn@NDV -13.12 12.88 7.00 3.52, 3.10 1.28 0.98 

FeMn@NDV -13.89 12.80 5.00 2.06, 3.09 0.87 0.81 

 

Table S23 Total spin moments µs_tot, local spin moments µs_loc and orbital moments µl (all in 

µB) oriented along the “x”, and “z” magnetization axes and their anisotropy (Δ) for 

TM1TM2@NSV and TM1TM2@NDV (Figures S71c,d). 

system µs_tot (x) µs_loc (x) µl (x) µs_tot (z) µs_loc (z) µl (z) µs_tot (Δ) µs_loc(Δ) µl (Δ) 

CrFe@NSV 2.52 2.44 0.05 2.50 2.44 0.11 0.01 0.00 -0.06 

CrMn@NSV 1.24 1.25 0.01 1.23 1.25 0.01 0.01 0.00 0.00 

FeMn@NSV 1.50 1.35 0.01 1.55 1.38 0.08 -0.05 -0.03 -0.06 

CrFe@NDV 3.00 2.79 0.08 3.00 2.79 0.00 0.00 0.00 0.08 

CrMn@NDV 3.50 3.20 0.02 3.50 3.20 0.02 0.00 0.00 0.00 

FeMn@NDV 2.50 2.42 0.12 2.50 2.42 0.02 0.00 0.00 0.10 
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Table S24 The binding energy E
bind

 (eV), TM1–TM2 distance (Å), total magnetic moment µtot 

(µB), magnetic moments of TM1 and TM2 µTM1, µTM2 (µB), and MAE(TE) and MAE(FT) (per 

computational cell, both in meV) of dimers TM2@TM1@NSV and TM2@TM1@NDV 

(Figures S71e,f). 

Structure E
bind

 TM1–TM2 µtot µTM1, µTM2 MAE(TE) MAE(FT) 

Cr@Cr@NSV -0.63 2.67 3.78 2.99, 0.21 -17.62 -0.89 

Fe@Cr@NSV -2.48 2.09 0.48 3.22, -3.26 -6.16 -0.13 

Mn@Cr@NSV -0.44 2.14 7.54 2.92, 3.91 0.67 0.23 

Fe@Fe@NSV -1.93 2.09 2.92 -0.25, 3.17 -2.73 -1.96 

Fe@Mn@NSV -2.77 2.39 1.51 3.98, -3.00 -6.46 0.23 

Mn@Mn@NSV -1.10 2.41 5.62 1.15, 4.18 -1.15 -0.57 

Cr@Cr@NDV -0.64 1.95 4.00 -0.16, 3.34 -0.15 -0.40 

Fe@Cr@NDV -1.86 2.23 6.00 2.19, 3.00 -1.61 -1.32 

Mn@Cr@NDV -1.62 2.16 2.78 -2.41, 4.05 -0.21 -0.17 

Fe@Fe@NDV -1.91 2.14 4.00 0.57, 3.03 -0.68 -0.60 

Fe@Mn@NDV -1.42 2.36 5.23  2.28, 3.44 0.96 0.32 

Mn@Mn@NDV -1.40 2.57 8.00 2.74, 4.39 0.50 0.34 
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Table S25 Total spin moments µs_tot, local spin moments µs_loc and orbital moments µl (all in 

µB) oriented along the “x”, and “z” magnetization axes and their anisotropy (Δ) for dimers 

TM2@TM1@NSV and TM2@TM1@NDV (Figures S71e,f). 

system µs_tot (x) µs_loc (x) µl (x) µs_tot (z) µs_loc (z) µl (z) µs_tot (Δ) µs_loc(Δ) µl (Δ) 

Cr@Cr@NSV 2.04 1.84 0.18 2.10 1.87 0.09 -0.05 -0.03 0.10 

Fe@Cr@NSV 0.20 0.02 0.11 0.20 0.05 0.14 -0.01 -0.03 -0.03 

Mn@Cr@NSV 3.77 3.43 0.01 3.77 3.43 0.02 0.00 0.01 -0.01 

Fe@Fe@NSV 1.45 1.56 0.12 1.45 1.56 0.05 0.00 0.00 0.07 

Fe@Mn@NSV 0.69 0.49 0.13 0.69 0.51 0.14 0.00 -0.03 -0.01 

Mn@Mn@NSV 2.82 2.63 0.02 2.82 2.63 0.04 0.00 0.00 -0.02 

Cr@Cr@NDV 2.00 1.70 0.01 2.00 1.70 0.02 0.00 0.00 -0.01 

Fe@Cr@NDV 3.00 2.71 0.12 3.00 2.71 0.01 0.00 0.00 0.11 

Mn@Cr@NDV 1.39 1.02 0.04 1.39 1.02 0.01 0.00 0.00 0.03 

Fe@Fe@NDV 2.00 1.87 0.12 2.00 1.87 0.11 0.00 0.00 0.01 

Fe@Mn@NDV 2.58 2.69 0.13 2.61 2.69 0.08 -0.03 -0.01 0.05 

Mn@Mn@NDV 4.00 3.59 0.03 4.00 3.59 0.00 0.00 0.00 0.03 

 

 

Figure S72 Atom/orbital decomposed DOS of Cr@NSV. a) total DOS, b,c) transition metal, 

d) nitrogen atoms, e) carbon atoms, f) structure. 
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Figure S73 Atom/orbital decomposed DOS of Mn@NSV. a) total DOS, b,c) transition 

metal, d) nitrogen atoms, e) carbon atoms, f) structure. 

 

 

 

Figure S74 Atom/orbital decomposed DOS of Fe@NSV. a) total DOS, b,c) transition metal, 

d) nitrogen atoms, e) carbon atoms, f) structure. 

 



 S58 

 

Figure S75 Atom/orbital decomposed DOS of Cr@NDV. a) total DOS, b,c) transition metal, 

d) nitrogen atoms, e) carbon atoms, f) structure. 

 

 

 

Figure S76 Atom/orbital decomposed DOS of Mn@NDV. a) total DOS, b,c) transition 

metal, d) nitrogen atoms, e) carbon atoms, f) structure. 
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Figure S77 Atom/orbital decomposed DOS of Fe@NDV. a) total DOS, b,c) transition metal, 

d) nitrogen atoms, e) carbon atoms, f) structure. 

 

 

Figure S78 Atom/orbital decomposed DOS of CrFe@NSV. a) total DOS, b,c) Cr atom, 

d,e) Fe atom, f) nitrogen atoms to Cr, g) nitrogen atoms to Fe, h) other carbon atoms, 

i) structure. 
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Figure S79 Atom/orbital decomposed DOS of FeMn@NDV. a) total DOS, b,c) Cr atom, 

d,e) Fe atom, f) nitrogen atoms to Cr, g) nitrogen atoms to Fe, h) other carbon atoms, 

i) structure. 

 

Figure S80 Atom/orbital decomposed DOS of Fe@Mn@SV. a) total DOS, b,c) Mn atom, 

d,e) Fe atom, f) nitrogen atoms g) carbon atoms, h) structure. 
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Figure S81 Atom/orbital decomposed DOS of Fe@Fe@NDV. a) total DOS, b,c) Fe atom, 

d,e) Fe atom, f) nitrogen atoms g) carbon atoms, h) structure. 
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